Abstract Effects of saphenous nerve stimulation and hemorrhage on discharge activity of parvocellular neurosecretory (PC) cells of the paraventricular hypothalamic nucleus (PVN) were studied in anesthetized rats. The PC cells were identified in the PVN with the criteria that units recorded in the PVN showed an antidromically conducted spike after median eminence but not after posterior pituitary stimulation of 0.45 mA intensity and were demonstrated histologically to be located in the parvocellular regions of the PVN. Saphenous nerve stimulation at 4 Hz repetition and of 3 mA intensity increased the discharge rate of 13 of the 52 PC cells tested. These excited cells exhibited a synaptically mediated excitation during post-stimulus period on peristimulus time histograms constructed during 1 Hz stimulation. Hemorrhage (4 ml/kg b.w.) activated 7 of the 10 PC cells tested which had been excited by saphenous nerve stimulation. Both saphenous nerve stimulation and hemorrhage increased immunoreactive adrenocorticotropic hormone (ACTH) in the plasma in the anesthetized rats. These data support the view that synergistic potentiation of ACTH secretion reported to occur after noxious and hypovolemic stimuli depends at least in part on the interaction between afferent neural signals originating from noxious and cardiovascular receptors on their way up to corticotropin-releasing factor (CRF)-secreting PVN neurons.
M. HAMAMURA, T. ONAKA, and K. YAGI and release corticotropin-releasing factor (CRF) into the hypophysial portal blood (MAKARA et al., 1981; SWANSON et a!., 1983; MERCHENTHALER et al., 1984; PLOTSKY and VALE, 1984) . On the other hand posterior pituitary vasopressin and adrenomedullary catecholamines have been shown to potentiate ACTH secretion by the pituitary . Noxious stimuli have been demonstrated to increase plasma levels of vasopressin (e.g. antidiuretic activity, MIRSKY et al., 1954) and adrenomedullary hormone (NATELSON et al., 1981) . These reported data raise two possibilities for the site of interactions between noxious and hypovolemic stimuli to produce synergistic potentiation of ACTH secretion, firstly at the afferent neural pathway to CRF neurons in the PVN and secondly at ACTH-secreting cells of the anterior pituitary. In an attempt to test the first possibility by electrophysiological technique, the present experiments were conducted to discover whether PC cells identified electrophysiologically in the PVN receive excitatory converging synaptic inputs after cutaneous nerve stimulation and hemorrhage in anesthetized rats. Preliminary account of these data were reported at the 61st Annual Meeting of the Physiological Society of Japan (HAMAMURA et al., 1984a) .
METHODS
Radioimmunoassay experiments. Male rats of Wistar strain, weighing between 244 and 356 g (n =113), were anesthetized with i.p. injected a-chloralose and urethane (70 and 700 mg/kg b.w., respectively). Additional anesthetics (occhloralose, l0 mg/kg) were i.v, administered when the jaw or whisker movement was observed. A polyethylene catheter was inserted into the right femoral artery and connected to a blood pressure transducer. Another catheter was attached to the right femoral vein for injection of additional anesthetics. The rat was placed in the supine position. The rectal temperature was monitored and maintained between 36 and 37°C throughout the experiment.
To stimulate cutaneous afferent, the left saphenous nerve was isolated from surrounding tissues and the central part of the cut nerve was placed on a pair of silver wires. More than 1.5 h after surgical operation the nerve was stimulated with negative pulses of 1 ms duration. After termination of the stimulation, trunk blood was collected by decapitation. Identical procedures were undertaken in control rats with current intensity of 0 mA.
To produce hypovolemia, hemorrhage of 10 ml/kg b.w. was carried out over 1 min via the catheter attached to the femoral artery and the shed blood was held aside for a various period of time until it was retransfused over 1 min. The trunk blood was collected by decapitation 1 min after the end of retransfusion. Volume of hemorrhaged blood was varied in different groups of rats.
Plasma ACTH was determined by a double antibody radioimmunoassay for ACTH (human ACTH assay kit, Cis). Blood samples were centrifuged at 3,000 r.p.m. for 15 min at 4°C. The plasma was taken and kept at -20°C. Each sample was assayed in duplicate. The assay sensitivity was 4 pg ACTH/tube. Assays of whole samples were carried out in a single assay procedure to avoid inter-assay variation.
Electrophysiological experiments. Sixteen male rats (386-555 g) were anesthetized as described above. The trachea was canulated with polyethylene tubing. The external carotid arteries on both sides were ligated and the ventral surface of the hypothalamus and the pituitary were exposed transpharyngeally. The rat was placed in a stereotaxic apparatus in supine position.
For stimulating the external layer of the median eminence the tip of a concentric bipolar electrode (1 mm, o.d.) was placed on the surface of the median eminence. For stimulating the posterior pituitary a stainless steel insect pin (No. 0, Shiga) insulated with Insl-X E33 (Insl-X Products) except for about the 0.3 mm from the tip, was inserted into the pituitary under a dissecting microscope. The depth of the electrode tip was adjusted so that the stimulating pulses produced the maximum amplitude of negative field potentials recorded through another bipolar electrode placed on the pituitary stalk. Negative stimulating pulse of 0.5 ms duration supplied by a stimulus isolator (Tektronix 2620) were applied to the posterior pituitary or the median eminence. A reference electrode of silver wire for stimulation was placed in the left jaw muscle.
To activate cutaneous afferent fibers negative pulses of 1 ms duration and 3 mA intensity were applied to the saphenous nerve. To produce hypovolemia hemorrhage of 4 ml/kg b.w. was carried out over about 1 min, the shed blood was held for about 2 min and was reinfused to the rat afterwards.
For recording unit discharges microelectrodes were made of electrolytically pointed orthodontic iron alloy wire (Elsiloy No. E-273, 0.25 mm in diameter, Rocky Mountain/Orthodontics; SUZUKI and AZUMA, 1976), insulated with Insl-X, and inserted into the PVN. A piece of silver wire was placed in the right jaw muscle as the reference electrode for unit recording. Unit action potentials were displayed on a storage oscilloscope (Tektronix R51 13N) and photographed. The criteria of a recorded action potential as an antidromically conducted spike were constancy in latency of spikes evoked in each unit and their cancellation by collision with a spontaneously occurring spike. A pulse generator was triggered to produce a 3 ms pulse by each spike discharge and the time of occurrence of the spike was recorded by both a pen recorder and a minicomputer (Eclipse S120, Data General). Arterial blood pressure was continuously monitored by the, pen recorder throughout the experiment and the mean arterial pressure was fed into the minicomputer at an interval of 250 ms. Ratemeter records and pen-stimulus time histograms (PSTHs) of spike discharges were constructed with 1 s and 5 ms time bins, respectively. The effect of nerve stimulation at 4 Hz on discharge activity of PC cells were appraised by comparing the number of spikes per bin between 0 and SO s after the onset of the stimulation with the number of spikes per bin during a pre-stimulus SO s period. Synaptic inputs to the PC cell under recording were observed on PSTHs constructed during stimulation of the saphenous nerve with 1 Hz pulses and judged by comparing the number of spikes per bin during post-stimulus period either between 75 and 125 ms or between 150 and 300 ms with that during pre-stimulus 200 ms period. The effect of hypovolemia on discharge rates was estimated by comparing the number of spikes per bin during or after hemorrhage with that during a pre-hemorrhage SO s period. The difference in number of spikes per bin was tested by Mann Whitney U-test at the significance level of 5% for excitatory or inhibitory response.
After each experiment positive electric current of 5 uA intensity and 5 s duration was applied to the recording microelectrode. Thereafter 10% formalin solution containing 2% potassium ferrocyanide was infused by cardiac puncture and the brain was excised out. Recording sites were verified in the PVN by histological examination of 50 µm sections stained with cresyl violet with reference to the atlas (SWANSON and KUYPERS, 1980) .
RESULTS

Plasma ACTH in anesthetized rats
The effectiveness of cutaneous nerve activation in anesthetized rats were examined for plasma ACTH, arterial blood pressure and reflex movements of the body after saphenous nerve stimulation. The stimulation of 0.1, 0.5, or 3 mA intensity evoked reflex movements of the trunk and the limbs in a one-to-one fashion and produced an increase in arterial blood pressure (Fig. lAb and Bb) . Plasma ACTH was increased in an intensity-dependent manner after the stimuli (Fig. lAa) . Effects of stimulus frequency were tested with 3 mA pulses. Plasma ACTH level was increased after 1, 4, or 16 Hz but not after 50 Hz stimulation while blood pressure was increased during these stimuli (Fig. 1B) .
Hemorrhage increased plasma ACTH in a manner depending on the shed blood volume (Fig. 1C) . Period under hypovolemic condition after hemorrhage of 10 ml/kg b.w. was changed and plasma ACTH level was significantly higher 5 and 15 min after onset of hemorrhage than the control level (Fig. 1D ).
Electrophysiological identification of PC cells
Since magnocellular neurosecretory neurons in the PVN project to the neurohypophysis through the inner layer of the median eminence, such condition should be satisfied for the PVN cell under recording to be a PC cell as the cell is responsive to median eminence stimulation but unresponsive to posterior pituitary In b note that the increase in arterial blood pressure is sustained during stimulation with 3 mA stimulating pulses. B: effects of stimulus frequency on plasma ACTH (a) and change in systolic blood pressure (b). C: effect of volume of hemorrhage on plasma ACTH level. D: effects of time period under hypovolemic condition on plasma ACTH level. The abscissa indicates the time after the onset of the hemorrhage. Numbers of rats in control and each experimental group were 9 and 8, respectively. T. ONAKA, and K. YAGI Number of responses superposed in each record is 20. As the stimulating current increased at 50 µA step from 75 µA the magnitude of response amplitude was increased. The response amplitude after 275µA stimulus was the same as that after 225 µA stimulus, thus indicating that the amplitude reached the maximum. C shows the relation of response amplitude to current intensity of posterior pituitary stimulation. D: recording site of a cell which showed an antidromic spike after median eminence but not after posterior pituitary stimulation. Arrow indicates a mark produced by electrolytic lesion. On the histological section stained by cresyl violet the mark is clearly visible as a sky blue spot surrounded by a translucent lamina. mc, magnocellular region; pc, parvocellular region. Fig. 2A ) and the recording site is found histologically to be within the parvocellular region of the PVN. To determine the stimulus intensity which activates the maximal number of magnocellular neurosecretory axons in the posterior pituitary, field potential responses antidromically evoked by posterior pituitary stimulation were recorded through a concentric bipolar electrode, which was touched to the pituitary stalk. Amplitude of the negative field potential was increased as the stimulus intensity was increased and reached the maximum at stimulus intensity between 220 and 350 [LA ( Fig. 2B and C) . At the intensity stronger than 0.5 mA the jaw and whiskers were moved in response to the stimulus indicating the consequence of current spreading to the trigeminal nerve locating closely to the pituitary on both sides. Sixty PVN neurons exhibited an antidromically conducted spike after median eminence stimulation but not after posterior pituitary stimulation with 0.45 mApulses. Of these 60 cells 52 were found to be located within the parvocellular region of the PVN by histological examination (Fig. 2D) . Threshold of median eminence stimulation to evoke antidromic spikes in these cells ranged between 34 and 480 RA (196±95 µA, mean + S.D., n = 52). The latency was between 4.5 and 16.2 ms (10.4±2.9ms, n=52).
Conveging synaptic inputs
Saphenous nerve stimulation at 4 Hz produced an increase of discharge rate in 13 (Fig. 3A) and a decrease in 9 of the 52 PC units tested. These responsive PC cells showed consistent synaptic inputs on post-stimulus time histograms constructed during saphenous nerve stimulation at 1 Hz (Fig. 3B) .
Ten of the 13 PC units that were excited by the nerve stimulation were further tested for hypovolemia. Hemorrhage increased discharge rates in 7 and decreased those in 3 of the 10 tested cells (Fig. 4) .
The 7 PC cells that were excited both after saphenous nerve stimulation and hemorrhage were located within the medial and periventricular parts of the parvocellular region of the PVN (Fig. 5) . (YAGI and SAWAKI, 1970; MAKARA et a!., 1972; SAWAKI and YAGI, 1973) . However a technical difficulty was to identify antidromically PC cells in the PVN after median eminence stimulation, since magnocellular neurosecretory cells in the PVN project to the posterior pituitary passing through the internal layer of the median eminence and therefore median eminence stimulation should activate both PC and magnocellular neurosecretory axons at the same time. PITTMAN et al. (1981) have demonstrated those PVN cells which exhibit antidromically conducted spikes after median eminence but not after posterior pituitary stimulation. In the present experiments we attempted to exclude further the possibility that the PVN cell activated antidromically after median eminence stimulation might have been a magnocellular neurosecretory cell: the following criteria were used. Firstly unresponsiveness of the PVN cell under recording to posterior pituitary stimulation with 0.45 mA-pulses was used as one of the criteria since the stimulus intensity required for producing a field potential response of the maximal amplitude evoked antidromically in the pituitary stalk after pituitary stimulation was 0.35 mA or less. Secondly the site of recording was histologically confirmed to be within the parvocellular region of the PVN. Thus the PVN cells that satisfied these criteria in the present experiments are PC cells, not magnocellular neurosecretory cells.
Plasma ACTH has been shown to increase after sciatic nerve stimulation in anesthetized rats (FELDMAN et a!., 1981) . In the present experiments cutaneous nerve stimulation also produced an increase in plasma ACTH of anesthetized rats in a stimulus intensity-dependent manner. The nerve stimulation evoked reflex movements in the body trunk and the limbs, and blood pressure changes in anesthetized rats. Thus it is very likely that the increase in plasma ACTH and PC cell excitation after saphenous nerve stimulation reflect the consequence of an activation of noxious afferents, since noxious stimuli has been shown to alter arterial blood pressure and to produce reflex movements in anesthetized rats (HAMAMURA et al., 1984b) . Acute hypovolemia or a blood pressure decrease has been shown to increase plasma ACTH in anesthetized animals (GANN et al., 1978; ROSE et al., 1981; BEREITER et al., 1982) : it may therefore be possible that blood pressure might have decreased after the nerve stimulation and, as a result, induced the PC cell excitation and the potentiated ACTH secretion. However, continuously applied repetitive stimuli at the pulse intensity of 3 mA increased rather than decreased systolic arterial blood pressure during the stimulation. Thus it is suggested that the excitation of PC cells and the increase in plasma ACTH after activation of cutaneous afferents is, at least in part, not due secondarily to a blood pressure decrease but to an activation of the direct neural pathway originating from nociceptors to the hypothalamus.
It has been demostrated that acute hypovolemia increases plasma ACTH (e.g. GANN et al., 1978) and that the increases of plasma ACTH in the peripheral blood and of CRF in the hypophysial portal blood after hemorrhage are abolished by PVN lesion (PLOTSKY and VALE, 1984) . Immunocytochemical studies have shown that cell bodies of CRF-producing neurons exist in the PVN (BLOOM et al., 1982; BUGNON et al., 1982a, b; MERCHENTHALER et al., 1982 MERCHENTHALER et al., , 1984 OLSCHOWKA et al., 1982; PAULL et al., 1982; VIGH et al., 1982; KAWATA et al., 1983; SWANSON et al., 1983) . The present experiments have disclosed that excitability of certain PC cells identified in the PVN increases during hypovolemia due to hemorrhage and resumed the previous level after retransfusion of the shed blood. Although the PVN area has been demonstrated to include PC cells containing the peptides other than CRF, such as thyrotropin-releasing hormone (TRH) (JoHANSSON and HoKFELT, 1980) , effects of hypovolemia on TRH secretion into the hypophysial portal blood are not known as yet. Thus the excitation of PC cells observed after hemorrhage in the present experiments is consistent with the view that CRF-producing neurons in the PVN is associated in the potentiation of ACTH secretion during hypovolemia.
Acute hypovolemia has been demonstrated to modulate synergistically the potentiated ACTH secretion after noxious stimuli in anesthetized cats (BEREITER et al., 1982) . Plasma vasopressin and catecholamines in addition to CRF have been shown to control ACTH secretion by the anterior pituitary . Furthermore, our previous studies have shown that vasopressin secretion is potentiated synergistically by foot shocks and hypovolemia (SHIBUKI et al., 1984) and the increased discharge rate of vasopressin-secreting supraoptic neurons after saphenous nerve stimulation is synergistically augmented during acute hypovolemia produced by hemorrhage (SHIBUKI and YAGI, 1986) . These data suggest that the synergistic control mechanism might exist in ACTH-secreting cells of the anterior pituitary. However, the lesion placed in the PVN was reported to abolish the increases of ACTH in the peripheral blood and of CRF in the hypophysial portal blood after hemorrhage (PLOTSKY and VALE, 1984) . Furthermore, a considerable number of PC neurons identified in the PVN were found to receive converging excitatory synaptic inputs after noxious and hypovolemic stimuli in the present experiments. It is thus suggested that the modulatory mechanism of synergistic control on ACTH secretion exists, at least in part, on the afferent neural pathway to CRF-producing PC cells in the PVN.
